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Kinetic Studies of Hydroxyl Radicals in Shock Waves. IV
Recombination Rates in Rich Hydrogen-Oxygen Mixtures

Garry L. Schott and Paul F. Bird

University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Previous workl’2’3 in rich hydrogen-oxygen-diluent flames has shown that in
the final stage of the combustion reaction, several reversible reaction steps are
maintained substantially in equilibrium, while net progress is achieved by the re-
moval of excess species through three-body recombination reactions. The reversible

reactions couple the recombination paths, so that each recombination reaction has

. the same degree of nonequilibrium (ratio of equilibrium constant to the quotient of

the activities of products and reactants), and a single measurement serves to deter-
mine the chemical composition. Kinetics studies in such flames3s>* have shown that

the important recombination reactions are:
' k

H+H4+M ——la H2 + M (1)
o)
H+0H+M——>H20+H (2)

and have provided values of the rate coefficients kl and k2 under flame conditions.

Observations on this reaction system in shocked gas mixtures have been re-
ported in earlier papers of the present series, »7 and have indicated establish-
ment of equilibrium conditions in the reversible reaction steps promptly at the
end of the induction period. This paper reports measurements of the kinetics of
the slow disappearance of OH following its maximum concentration in shocked H2-O2-

Ar mixtures.

EXPERIMENTAL METHODS

Basic shock wave techniques and the ultraviolet line absorptzon method of
determining OH concentration have been discussed in Part 15. However, many mod-
ifications of apparatus and procedures have been 1ncorporated in the present work,
and it is appropriate to present the methods used in this investigation.

internal diameter, 10 cm

The dimensions of the circular shock tube were:
Its con-

throughout; driver chamber length, 192 cm; test chamber length, 373 cm.
struction was of brass, and the interior surface of the test chamber was plated
with nickel to decrease its porosity. Single and multiple layer brass shim stock
diaphragms were used. Evacuation of the test chamber was accomplished through a
side port located 13 cm from the diaphragm position.' Final evacuation was done
with an NRC B-2 oil diffusion-ejection booster pump backed by a Kinney KC 5 mech-
anical pump, Vacuum measurements in the test chamber were made with a CVC Philips

gauge connected to a side port midway along its length.

Shock velocity measurement was made by a series of five deposited platinum
resistor gauges. These gauges were 1 mm by 6 mm and had resistances between 30
and 200 1, They were flush mounted with the shorter dimension disposed axially
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at intervals of 60.00, 50,00, 30.00, and 29.94 cm, beginning 198 cm from the
diaphragm. The gauge outputs were amplified, shaped by 2D21 thyratrons, echoed
after 6.25 usec, mixed with 10 psec timing marks, and presented on an oscilloscope
raster® operating at 100 usec/line. A modified Tektronix 545 instrument was used,

The quartz windows for the light beam used in measuring OH concentrations
were located 1.3 cm downstream from the fourth velocity gauge, some 34 cm from the
end of the shock tube. This setup allowed several hundred microseconds for obser-
vation of the moving gas behind the incident shock wave before the arrival of the
reflected wave from the end plate or the hydrogen driver gas from upstream.

The optical train from the flash discharge lamp to the photomultiplier detec-
tor was mounted independently of the shock tube. The flash lamp was operated in
the way described in Part I5. The lamp itself differed, however, in that the H,0

vapor pressure was regulated at 0.9 mm Hg by NaC2H302 . 3H20 + NaC2H302 at 0°cC.

At this working pressure the luminosity was much freer of spurious fluctuations in
intensity than at higher pressures, and its intensity was only slightly diminished.
A 2.5 cm focal length spherical lens immediately in front of the lamp focused the
luminous region inside the toroidal anode crudely at the monochromator entrance
slit 70 cm away, providing condensation of the beam in the (vertical) direction
along the 2 mm by 10 mm collimating slits on either side of the shock tube windows.
The luminous region itself was substantially as wide as the slits. At the mono-
chromator entrance slit a crude f = 1.0 cm cylindrical lens was used with its axis
parallel to the slit to condense the beam onto the entrance slit and provide for
filling the width of the grating. The 1P28 photomultiplier detector was placed
immediately outside the exit slit of the monochromator.

The anode resistor used was 22 K 2, and 4 ft of RG-71 cable delivered the
signal to the input terminal of a type L preamplifier in a Tektronix type 5u45
oscilloscope. Thus the electronic response time was about 2 usec, which approxi-
mately matches the time inhomogeneity in the gas sample within the 2 mm width of
the beam. Faster response can be achieved, but for recombination rate measure-
ments over periods like 10™% seconds it is unnecessary, and reduction in statisti-
cal noise is achieved by relaxing the time resolution, : '

The oscilloscope photographs contained, in addition to the light transmission
record, a base line of zero photoelectric signal, 'and in displaced positions, a
trace bearing timing marks and a trace of the unabsorbed photoelectric signal from -
a separate flashing of the lamp. This monitor trace was synchronized with the lamp
firing in the same way as in the experimental trace. It was needed because the
lamp signal, while reproducible in shape, was not quite constant over the time o
the experiment. ) . )

The JACO model 8200 monochromator was operated in an air thermostat at
36 t 1°C. The first order spectrum was used with the entrance slit width 0.050 mm
and the exit slit width 0.570 mm., The instrument was calibrated with a low pres-
sure mercury discharge spectrum and set to transmit (ideally uniformly) between
3088.7 < Xairg 3097.32, with transmission decreasing linearly to zero at 3087.98

2 Xair and 3098.13asxair. Precision of the calibration and thermal stabilitv are

estimated at :0.3R. Photographic spectra made with film held against the exit slit
confirmed the isolation of the lines? between R, 20 (A_._ = 3089.0%) and Q.8

- 2 air 2
O ;. = 3096.8R).

Experimental gas mixtures were prepared manometrically from commercial cylinder
gases in a thoroughly evacuated glass-lined (domestic hot water) tank and heated
from beneath to be mixed by diffusion and convection for at least 24 hours before
use. Mass spectrographic analysis of each batch confirmed the absence of unintended

components beyond traces of N2 and C02..
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DATA REDUCTION

The raw data obtained in each experiment consist primarily of the recorded
initial conditions, the shock velocity data contained in the photograph from the
raster oscilloscope, and the OH concentration data contained in the oscilloscope
photograph of the photoelectric signal. Prior to any chemical kinetics analysis
these data are reduced to the apparent OH concentration as a function of time
under particular conditions of temperature, pressure, and concentrations of other
species. These preliminary data reduction procedures are discussed first.

Shock Velocity

Evaluation of the shock wave velocity from the gauge positions and shock
arrival times was done by adjusting each time for small differences in circuitry
response (corrections of a few tenths of a microsecond) fitting the five x,t
data p01nts to the quadratic expression t = + bx + cx“, and evaluating
(dt/dx)~1 at the observation window pos1tlon. Except in shots at 15 and 20 cm Hg
initial pressure, ¢ was invariably positive, and the average attenuation of the
shock velocity was about 1% per meter (0.1% per tube diameter). The heavier dia-
phragms used for the higher pressure shots apparently opened more slowly and some-
times caused the shock velocity to reach its maximum further downstream 0, From
least squares-treatment, the indicated uncertainty in b, which is most of the un-
certainty in dt/dx, was usually a few tenths of a percent. In a few cases it was
as great as 1%, 1nd1cat1ng irregular behavior of the shocks and/or the detection

system, {

Hugoniot Calculations

Solution of the Rankine-Hugoniot equations was carried out by means of a
computer codell to obtain the temperature, density, and composition behind each
shock wave as functions of the initial conditions, the shock velocity, and the
progress of chemical reaction. The computations for equ111br1um conditions were
obtained straightforwardly by the general method of Brxnkley which is incor-
porated in the shock equations code., The restricted equilibrium computations for
selected extents of recombination less than the final equilibrium extent were
made by arbitrarily constrainingl® the number of moles per original mole of ma-
terial in the system. The species Ar, H_, O,, H 0, OH, H, and O were considered
in the computations. Ideal gas thermodyfiamic fufictions for H_, O,, H, O, OH, and O
were obtained from the JANAF tablesl* and formulated for interpolation in the
polynomial form used previously in this 11 and otherlS 1laboratories. Ar and H were
treated as calorically perfect and the coefficients were evaluated accordingly.

Determination of [OH]

The calibration curve relating absorbance and OH concentration used in the
earlier work was an empirical one based on observations of equilibrium gases in
shock waves, For the present work, a much more refined method has been developed.
It is a semi-empirical method based in part on absorbance measurements in equilib-
rium shocked gas, but it makes use of the fundamental molecular properties of OH
to extend the calibration to regimes of OH concentration, temperature, and pressure
where equilibrium observations could not be made.

The calibration program consists of three parts: (1) experimental determination
of the spectral intensity distribution of our OH line source, (2) formulation of
the absorption spectrum of OH on the basis of theory and integrated absorption co-
efficients derived from independent experiments, and (3) numerical synthesis of the
response of tharmal absorber.to the lamp spectrum in order to account, within
existing uncertainty in the absorption spectrum parameters, for the experimentally
determined absorbance of equilibrium mixtures. -The details of these steps are
being reported separately; the methods used and their application to the old, higher
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pressure lamp spectrum are described elsewhere™-, The principal features of the
calibration are summarized as follows. The line shapes and relative intensities
in the lamp spectrum were determined from high dispersion photographic spectro-
grams made by repeated flashes. The source spectrum and the absorber spectrum
were each described in the computations by superposition of lines having combined
Doppler and Lorentz broadeningl?. The line strengths given by Dieke and
Crosswhite? as modified by Learner'® were used. The values of the transition prob-
ability coefficient, F, and the pressure broadening parameter, a, (as defined in
the literatureld) found to describe suitably the measured equilibrium absorbances
were F = 3.50 x 10~% and a = 335 P(atm)/T(°K). These values are in reasonable
‘agreement with those reported elsewherel9,20, Perhaps the present calibration is
not significantly more accurate than the old empirical one in the regime where the
latter was determined, but the extension to other regimes is superior, and the
whole calibration is on a much firmer basis.

The computer program generates the absorbance (-logjg of the fractional
transmission) of the incident spectrum for a specified absorber temperature, pres-
sure, and optical density (product of OH concentration and path length). Points
covering the ranges of these parameters involved in the experiments were assembled
and a numerical interpolation scheme was used to derive the OH concentration for a
series of absorbance values during each experiment., For this purpose an average
temperature and pressure for each experiment was obtained as the mean of the values
computed for partial equilibrium conditions with zero recombination and complete
equilibrium conditions. The absorbance for each optical density in the.table was
first interpolated to the appropriate temperature and then the appropriate pres-
sure. Finally the several measured .absorbances were interpolated to optical den-
sities and hence OH concentrations. A quadratic interpolation formula was used in
each step, with two of the three values of the independent variable bracketing the
desired value. : e - ’

Rate Equation-

The rate equation for the disappearance of OH in a reacting mixture of Ho,
0o, HZO, OH, H, and O is developed for conditions of variable density shock wave
flow 1In a manner which incorporates the recombination mechanism, reactions (1)
and (2), and anticipates the insertion of partial equilibrium relationships among
the several species. Let us define the mole number of each species, nj, by the
relationship ’

en; = [I] (3)

where p is the density in grams per liter and [I] is the concentration of species
I in moles per liter. We then identify the partial derivative with respect to
time (3[I]/3t) = pdnj/dt as the net volumetric rate of chemical production of
species 121, P

Now it has been shown 1:hatl'2’22 in the system being considered, equating the
total volumetric rate of production of all species to the combined chemical re-

combination rate from all paths, R , leads to
recomb
pd(nH t ot 2n0 + 2n02)/dt = -2 Rrecomb' (%)
To formulate Nys D4 and ng and their derivatives in terms of the measurec

[OH], we proceed as follows, Le%

[OH] = a [H]. (s)
Then .

Doy = any (€)

N e
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and ' 2 : i
pdn,/dt = (p/a)dngy /dt - (pn . /a")da/dt. . (7)

Similarly let

(0] + [02] = 8 [ou]z, (8)

so that
- 2 .

ny + n02 = BDnOH (9)

and
2 2 2
= 2R
od(n0 2)/dt 280 nOHanH/dt + 0 nOHd B/dt +PRo nOHdP/dt. (10)

The scale of time, t, experienced by an element of shocked gas is converted
to the scale 1 at an observation point stationary w1th respect to the unshocked
gas by

= (o/oo) dr (11)
where C is the density of the unshocked gas.

The variables p, a, and B are considered as functions of the independent
variable [OH]. Then from the definition, ecuation (3), it follows that

dnoH/dt = d[oH]/dt (1 - d 1In p/ 4 1n [OH]) (12)

Finally, for conditions in which the recombination mechanism consists of
reactions (1) and (2) and -all dissociation rates are negligible, we express the
total recombination rate, R mb? in terms of concentrations and conventional

rate coefficients by

= Kk [)20H1% + K, (M, ]0HI[OK)

recol

3
Rrecomb (13)
where M. 3 and [M_] are the total gas concentrations acting as thlrd bodies in
recombination reactions (1) and (2).

Then substitution of equations (5) - (13) into equation (4) and rearrangement

of terms leads to

ukz[M2]

“ad(1/[0H])/d =’2(D/Oo) kl fMl] (1 + —E—TE—TJ
171

{ (1 + o+ 5aBlOH])(1 - d 1n p/d 1n [OH]) - d ln a/d ln [OH]
+ 208[0HI(d 1n 8/d 1n [OH] + d In o/d 1n [oH]) }71. (1)

For convenience we now refer to the factor 2 and the complicated expression in
braces on the right hand side of equation (14) as A, and for lack of information
to the contrary, identify the third body concentrations [Ml] and [M2] with the
total gas concentration, [M]. Thus the rate coefficients are referred to the
experimental gas mixture, and we re-write the rate equation as

ad(1/[OHD /AT = A (p/p,) [MJ('kl + ak,) (15)

Equation (15) has been cast in this form in anticipation of finding the dis-
appearance of OH to be effectively second order in OH and of determining the slope
of an approximately linear plot of 1/[OH] versus 1 from each experiment.




RESULTS

Experiments have been done with three different gas mixtures, whose compo-
sitions are given below:

Mixture ' . A )

Designation %H2 %02 bAr
R-1 4,03 1.00 . 94,97
R-2 2.02 0.50 ©97.u48
R-3 8.07 ) 1.00 90,93

The results of thirty-one experiments in the temperature range 1400° < T < 2000°K
are assembled in Table I. In these experiments, the plots from which d(1/{0H])/dr
was determined were approximately straight over the entire interval plotted, which
in most cases was from about 50 pysec to about 500 usec after passage of the shock
front. During this period [OH] fell from the values given in column 3 to those
given in column 4, Column 5 contains the slopes derived from the plots. Columns 6
and 7 contain the values of [OH] and- temperature computed from the initial data and
shock velocity for each experiment on the basis of equilibrium with respect to all
reactions except dissociation-recombination reactions and no change in the total -
mole number n = ¥ n,, from the value n_ in the unshocked gas mixture. Implicit in
these computations are the relationships:. ..

a = [OH]/[H] = K, glH01/TH, T - : o - (1e)
and . . : : . ‘
- 2 _ . S L
B = ([0] + [0 1)/[OH]" = Klg/cﬂzo] + Koo/ UH,] - (17)
where K, , K;q, and,Kzo‘ére’the equilibrium constants for the reactions
H + H20 = OH +,H2 - ’ = (18). -
OH'+ OH =H,0 + 0 ‘ o (19)
and : L
OH + OH =H, + 02. - (20)

Complete conversion of the {nitial 0, to H_O with no production of OH, H, or
O corresponds to final values of n/n_ of §.990 1In mixtures R-1 and R-3 and 0.995
in mixture R-2, and computations show that [OH] varies approximately linearly with
n/n_. o
(<)

To interpret d(1/[0H])/dt by equation (15) for conditions prevailing early
in the recombination reaction, computations were made of partial equilibrium condi-
tions with n/n_ = 1.000 and n/n_ = 0.999. The values of [M], a, (p/p_), and B [OH]
vwere taken as the means of these two computations, and the logarithmié derivatives
which appear in the factor A were approximated from the finite differences between
these two computations. [M] and @ so evaluated are listed in columns 8 and 9 of
Table I. (p/p ) was invariably between 3.2 and 3.6, The factor A varied system-
atically from 9.7 to 1.0 as a varied from 0.01 to 0.l.

The derived values of k. + ak2 given in the last column of Table I were
obtained from the measured s}opes in column 5 by multiplication by the factor
ap_/ p[MJA. The following values of k., and k_/k, have been derived by linear least
squares fitting of the entire set of v3lues o kl + ak in Table I and the indi-

cated subsets thereof. 2

N
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Group of Experiments k) k2/kl
T range [M] ransge Mixtures No. liter'zmole-zsec-l
(°K) . 3 - -8

mole/liter x 10 x 10

1400-2000 8-36 All 31 6.6 7.1
1400-1700 8-36 All 17 6.1 11.4
1700-2000 - 9-30 All 14 5.9 . B.5S
1400-1700 8-10 R-1,R-3 6 5.6 17.8
1400-1700 17-19 R-1,R-3 7 : 6.1 9.5
1700-2000 9-10 R-1,R-3 & 6.6 7.7
1700-2000 17-19 R-1,R-3 L) 4,9 14,0

We conclude that k, in an atmosphere consisting primarily of argon is

6t 1x 108 liter2mole- sec-'l between 1400° and 2000°K, and that kQ/k =10 ¢t §

under these same conditions. No variation of either k. or k_/k, with temperature
can be established., When the points are plotted, a small trénd toward lower
apparent rate coefficients at higher values of (M] or [0OH] is shown between the
groups of goints in mixtures R-1 and R-3 with [M] = 9 x 10~3 mole/liter and [M]

= 18 x 1077 mole/liter, However, this trend is not consistently borne out by the
few experiments at still higher densities or the rather scattered data from
mixture R-2, Such a trend may or may not be due to a small systematic error in

the OH absorption spectrum calibration.
-

To be sure, significant departure of a from the assumed partial equilibrium
value of Kig [H2O]/[H2] would lead to serious error in the rate coefficients
deduced. However, the available data2?3 on the rates of the bimolecular reaction
paths by which this equilibrium is approached indicate that o does not depart from
its ideal value by more than one percent under the conditions of the present ex-
periments. Departure of [0] and [0,] from their assumed equilibrium relationship
to [OH] would be less serious in thé rich mixtures studied here.

The composition of the gas acting as the third body in the present work
differs greatlv from that which has been used in any of the other studies in this
system, and the rate coefficients determined cannot be compared in detail, The
values found here are generally lower than those reportedds* in mixtures composed
primarily of H,, N,, and Hp0. Within our own experiments, the only component of
[M] to vary appreciably and systematically as a was varied is [H_, ], which was
about eight times as large (after formation of H,0, H, and OH) ifi the experiments
with mixture R-3 as in those with mixture R-2. f H,_ were markedly more efficient
than Ar in catalvzing reactions (1) and (2}, the apparent rate coefficients at
lower a would be increased, producing higher k, values and lower k /kl values.
Other workers3s* have not found evidence for marked efficiency of 32 s third body.

GASDYNAMIC INSTABILITY

-Nine additional experiments were attempted at temperatures between 1100° and
1300°K. These yielded apparent rate coefficients which scattered between 50% and
200% of those found above 1u400°K, In several of these experiments, particularly
those at higher densities, there were undulations of. the OH absorption record and
other indications of spin-like instability in the flow behind the shock wave. In-
vestigation of this behavior is outside the scope of the present paper. However
it may well be that such instabilities are in fact present in the higher temperature
experiments, but their scale is evidently fine enough not to disrupt the kinetics

dramatically.
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